Abstract --Synchrotron radiation X-ray diffraction has been performed on niobium triselenide at 20K. The modulation parameters belonging to both Charge-Density-Waves (CDW's) have been determined. The high-temperature CDW is found to comprise of displacements on all atoms of column 111, as well as on Se atoms of column 11. Similarly, the low-temperature CDW resides on column I and also involves displacements of some Se(I1). The structure is interpreted in terms of CDW's on Nb(II1) and Nb(I), and elastic coupling between the atoms. The correlations between the atomic displacements are studied by analyzing the correlations between the varying interatomic distances. The atomic valences are discussed in the framework of the Bond-Valence method.
Introduction
On lowering the temperature, transition metal trichalcogenides, MX3, and related ternary compounds, often transform into an incommensurate Charge-Density-Wave (CDW) state [I]. Primarily, the interest in these compounds is focused on peculiar properties of the CDW state, e.g. the non-linear electrical conductivity. Prime example is NbSeg, which goes through two independent CDW transitions, at Tcl . : 145K and Tc2 = 59K, respectively, and shows prominent nonlinear conductivity [2] . Understanding the properties of the CDW state requires detailed knowledge of the accompanying structural distortions, as discussed in this paper.
The trichalcogenides usually grow as thin needle-shaped crystals. Furthermore, the atomic displacements related to the CDW are small, so that the scattering from the modulation wave is weak, and conventional X-ray sources are insufficient for measurement of the intensities. Synchrotron radiation provides the necessary increased intensity and improved signal to noise ratio. It also allowes tuning of the wavelength such that absorption can be minimized, thus facilitating the interpretation of the scattered intensities from these highly anisotropically shaped crystals.
The basic structure of NbSe3 is known at lOOK and at room temperature [3]. It can be characterized as a collection of coIumns of face sharing triangular prisms of selenium atoms. Each prism accommodates a Niobium atom at its center. Neighboring columns are shifted over one half lattice parameter, resulting in a eight-fold coordination of Nb by Se. There are three crystallographically independent columns in the unit cell, labelled I, II and 111, respectively
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993218 Figure 1 . Projection of the structure of NbSe3 along the monoclinic unique b-axis. Large circles correspond to Se, small circles denote Nb atoms. Open circles have y = 0.25, hatched circles have y = 0.75. Roman numbers represent column types as well as the Nb atoms. (Fig. 1) .
The lattice distortions connected with the CDW's have been observed by the presence of satellite reflections in electron diffraction 141 and X-ray diffraction f5]. The highertemperature CDW corresponds to a modulation wave vector & = (0, 0.241, 0); the lowertemperature CDW corresponds to & = (0.5, 0.260, 0.5). Precise values for the incommensurate components were obtained in high resolution X-ray scattering, using synchrotron radiation [6].
It was found that 2(qly + Q~) significantly differs from one, thus showing the independent character of both CDW's.
Synchrotron radiation X-ray diffraction has been performed on NbSeg and NiTa2Se7 at 20K. The modulation parameters have been determined belonging to both CDW's in NbSe3, using the superspace symmetry [7] . The structure was interpreted in terms of CDW's on Nb(III) and Nb(I), and displacements of Se due to elastic coupling between the atoms. In the present paper the modulation is analyzed in terms of varying interatomic distances, and the effect of the modulation on the atomic valences is discussed, using the Bond-Valence method.
Experimental
Two needle shaped crystals were selected for the synchrotron experiment [8]. Crystal 1 was of dimensions 15 pm x 25 pm along a x c. Its length along the monoclinic b-axis was 3 mm. The corresponding dimensions for crystal 2 were 20 pm x 30 pm and 3 mrn long. For both crystals the cross section perpendicular to @ had the shape of a parallelogram, with an angle of 110 degree, equal to the angle of the unit cell.
X-ray diffraction experiments were done on beam line X3A of the National Synchrotron Light Source at Brookhaven National Laboratory, New York, U.S.A.. Monochromatized radiation was obtained with a silicon monochromator, using the Si(ll1) reflection. A wave length of k1.0001(1)A was selected, in order to minimize absorption. The width was -.0014A. The crystals were mounted on a helium cryostat, with the long axis parallel to the $ angle. The cryostat was kept at a temperature of 20K. The intensity of the incident radiation was continuously monitored by an ionization chamber positioned between the monochromator and the crystal. These values were used to correct the measured counts. Furthermore, corrections were applied for the dead time of the counter, and for the Lorentz and polarization effects. Absorption correction was applied (p = 119.9 cm-I), with minimum/maximum correction factors of 0.7110.85 for crystal 1 and 0.6910.81 for crystal 2. Standard deviations in the intensities were calculated based on counting statistics.
Lattice parameters were determined from 38 main reflections, measured on crystal 1. They are essentially in agreement with Hodeau et al. [3] . At 20K they were obtained as: a = 9.974 (1) The scattered intensities of main reflections and first-order satellites were measured up to 0 = 28 degree. The total width of each scan was 2 degree, with a time spend of 60 s for main reflections, 120 s for q l type satellites and 240 s for the q2 type satellites. For crystal 1 the data collected comprise the k = 1, k = 2, and k = 3 layers. The k = 0 layer was measured on crystal 2. The intensity control reflections showed variations in time up to a factor of three. The reflections in each time-slice were scaled according to the three intensity control reflections in their group. Subsequently, equivalent reflections were averaged in Laue symmetry 2lm. This reduced 1957 reflections measured on crystal 1 to 1856 unique ones, with an internal consistancy of 2%. For crystal 2, 217 reflections were merged into 159 unique ones, with an internal consistancy of 4%. The resulting data sets were used for structure determination and refinements (details are given in Table 1 ).
Structure determination
All reflections can be indexed by five integers with respect to the reciprocal axes of the basic structure and both modulation wavevectors. To facilitate the analysis, a larger basic structure unit cell was chosen as A = a + c, B = b, and C = -a + c. This transforms the second modulation wave vector to one without the commensurate components:
With respect to q l and q; and the transformed reciprocal basis, the indexing becomes:
The transformation introduces a general extinction condition, given by Hl+H3+H5 = odd is absent for the (Hi.. -. ,Hg) reflections.
From the diffraction symmetry, and the extinction conditions, the superspace symmetry was determined as P211m (0 P 0)(1/2 P' 112) [7] . With respect to the larger unit cell, this (3+2)-dimensional superspace group is defined by the elements (E 1 1) = (xi, x2, x3. x4, x5), (21 s 1) = (-xi, 0.5+x2, -x3, 0.5+x4, xg), (i i i ) = (-xi, -x2, -x3, -x4, -xg), (m i i ) = (xi, 0 5 x 2 , x3, 0.5-xq. -xg), and the centering translation ct = (0.5, 0, 0.5, 0.5, 0). Note that s . The temperature tensors did not change on introduction of the modulation. Several of them were not positive definite, as also was found at lOOK [3] , which then is not related to the modulation. Introduction of the 36 independent, first-order harmonic modulation parameters for each of the two CDW's, resulted in a good fit of the ql-type CDW and a reasonable fit of th q2-type CDW (Table 1) . Coordinates, temperature factors, and modulation parameters are given in Tables 2 and  3 . The isotropic extinction parameter refined to G = 0.074(5). The structure model as obtained from the refinement on the intensity data for crystal 1 was tested on the data set of crystal 2. As only a few reflections in a special part of reciprocal space (k = 0) were measured for crystal 2, only the scale factor and the extinction parameter were refined. Convergence was obtained after a few cycles, with R-factors given in Table 1 , and an isotropic extinction parameter G = 0.033(5). The good agreement between calculated and observed structure factors for the second crystal does give strong support for the structure model as determined on the data from crystal 1.
Discussion
The largest displacements were found on Nb(I1) for the q l CDW, and on Nb(1) for the q2 CDW [7] . This is in accordance with the theoretical prediction of Wilson [lo] , NMR experiments [ll, 121, and band structure calculations [17] . The displacements of the selenium atoms were interpreted as due to elastic coupling to the niobium atoms [7] . This then also involves major displacements of selenium atoms of column 11. Scanning Tunneling Microscopy (STM) experiments have suggested that the q2-CDW resides on both type I and type I1 columns [18] . As STM mainly images the selenium atoms, the participation of Se(II) in the modulation provides a possible explanation for these observations [7] . Recent band-structure calculations indeed show the q2 CDW to change the electronic states of both Se(1) and Se(II) at the energy and positions imaged by STM [19] . The correlated atomic displacements can be studied by considering the interatomic distances as a function of the additional superspace coordinates i q and ig. Because the q l and q2 CDW's are spatially resolved, both modulations can be analyzed independently. The q l modulation affects the atoms around Nb(III). The maximum variation of the distances between Nb(m) and its eight neighboring selenium atoms is 0.06 A for Se8 ( fig. 2a) . This is much less than would occur for an out-of-phase displacements with the same amplitudes (variations up to 0.16 A), thus showing the coherence between the Nb(III) and Se displacements. The remaining internal strain corresponds to the loss of elastic energy in the Peierls model. It is interesting to note that there is hardly any variation of the distance between Nb(II1) and Se5 of column 11: the latter atom completely follows the displacements of Nb(II1). The absence of variation in the distance 2-between Se7 and Se9 reflects the strong bonding in this Se2 ion pair ( fig. 2b) . A similar picture is found for the q2 type modulation around Nb(1).
A simple electron count, based on the presence of ~e gion pairs and se2-ions, leads to Nb(III) and Nb(1) being 4.2+, while Nb(II) is 5.7+. This analysis can be done more subtle using the Bond-valence method [20] . The valences of the Se atoms more or less follow the interpretation of ~e 2 -and ~4 -ions. Major difference is that Se of column 11 are calculated to be less negative than ~e 2 -ions. This results in Nb(II) being less positive than Nb(1) and Nb(1II) (table 4), contrary to the model of Wilson 1101 and the simple electron count. Bandstructure calculations exist which lead to either more positive or more negative Nb(II) [13-171; valence-contrast diffraction suggested a more positive Nb(I1) [22] . The Bond-valence calculation does show Nb(1) and Nb(III) to be nearly equivalent, but significantly different from Nb(II). Most noteworthy of the valence calculation is that it shows onIy a small difference in total bonding character of the three niobium atoms, in accordance with NMR results [23] .
The valence of Nb(II1) is calculated as 5.3, with a variation due to the q l CDW of 0.21 (fig3b). The individual bond-valences show variations of about half this magnitude (fig3a). With the coordination number 8 of each Nb it follows that these modulations compensate each other to a large extend. In particular this holds for each of the pairs of atoms Se7, Se8, and Se9, respectively below (y = 0.25) and above (y = 1.25) Nb(DI). Similarly, the variation in the selenium atom valences is much smaller than the sum of the variations of the bond-valences. These results are compatible with all atoms striving for a valence independent of the phase of the modulation wave. The CDW is then not reflected in a variation of the bonding character. 
